Objectives: To assess the systematic health effects on the liver, kidney, and haematological function tests of workers in semiconductors in Taiwan. Methods: 926 workers of a semiconductor plant in Taiwan in July 1995 were investigated. Complete blood tests including liver, kidney, and haematological functions were available from 227 workers.
T he fabrication process in the semiconductor industry involves exposure of workers to many chemical and physical agents and to ergonomic stressors. Potential toxic agents such as solvents (glycol ethers, xylene, toluene, acetone, isopropyl alcohol, and hexamethyldisizanes) used in the photolithography and cleaning, dopant compounds (arsine, phosphine, and diborane gases) used in diffusion and ion implantation, acids (hydrofluoric and hydrochloric acid) used in etching or cleaning, physical agents (ionisation radiation, radio frequency (RF) radiation, or extremely low frequency-medium frequency (ELF-MF)), and ergonomic stressors such as standing, constrained posture, and repetitive motion. [1] [2] [3] [4] [5] [6] Workers in clean rooms are usually exposed to multiple agents while performing their tasks, and may suffer from potential adverse health effects such as neurological, respiratory, haematological, hepatic, renal, and reproductive problems. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The purpose of this study was to assess the risk by conducting liver, kidney, and haematological function tests in a semiconductor plant in Taiwan.
METHODS
This study is part of a clinical survey conducted on 926 workers from a semiconductor plant in Taiwan in July 1995. The clinical survey included a standard self administered questionnaire. The questions covered demographic data, health status, and symptoms, occupational history including history of jobs with semiconductors and lifestyle variables such as smoking, alcohol consumption, and medication. Chest radiographs, pulmonary function tests, and physical examinations were performed. The results and symptoms of general illness have been published elsewhere. 11 There were 208 fabrication workers and 718 nonfabrication workers, 19 out of the 208 fabrication workers were excluded because of incomplete tests or questionnaires. Therefore, the study subjects included 185 fabrication workers who were recruited from all available workers in the fabrication section and 47 non-fabrication workers who were randomly sampled from 718 non-fabrication office workers in this factory. Study subjects had complete blood tests-liver function, kidney function, and haematolog. They were classified by working departments as photolithography section, ion implantation section, etching and diffusion section, and office section. Because male fabrication workers worked exclusively as engineers and female fabrication workers worked as operators, sex was considered an important factor and was further stratified in this study.
We excluded one male etching worker, one female photographic worker, and one female office worker from further statistical analyses due to acute infections. We were not able to analyze females implantation workers due to small sample size in that section (n=2). The data from the remaining 227 workers were encoded, entered, and analyzed with the assistance of the statistical analysis system (SAS) PC software package 12 and database III plus. 13 We used student's t test and analysis of variance (ANOVA) with Dunnett's multiple comparison procedure to differentiate the differences between the working sections and controls for demographic data, haematology, liver, and renal function tests. Liver function abnormality was defined as serum glutamic oxaloacetic transaminase (SGOT) >34 U/l, serum glutamic pyruvic transaminase (SGPT) >36 U/l, and γ glutamyl transferase (RGT) >26 U/l. Renal dysfunction was defined by creatinine test >1.4 mg% for men, and >1.2 mg% for women. A haematological test with a white blood cell (WBC) count <5×10 3 /mm 3 , and haemoglobin <13.5 g/dl for men, <12 g/dl for women was regarded as abnormal in this study. The χ 2 test or Fischer's exact test were performed to test the differences in the proportions of abnormal blood tests. Logistic regression analyses were applied to calculate smoking, HBsAg, body mass index (BMI), alcohol, and age adjusted odds ratio (OR) of job categories on abnormalities of WBC, SGOT, SGPT, and RGT. Multiple linear regression analyses were used to control the effects of potential confounders on the relation between job categories and numerical outcomes such as values of haematology, kidney, and liver function tests.
RESULTS
The variables including age, duration of fabrication job, body mass index, hepatitis B surface antigen status (HBsAg), alcohol drinking, and smoking were stratified by sex and presented in table 1. On average, the office workers were significantly older than the fabrication workers. There was a significantly higher prevalence of cigarette smoking and alcohol consumption in male office workers than in male photolithography workers (p=0.07 and p=0.04, respectively). A significantly higher prevalence of alcohol consumption was found in male controls than in male implantation workers (p=0.046).
Sex specific haematology results are summarised in There was a higher prevalence of decreased WBC counts in male photolithography workers (6 of 20; 30%) than in male controls (1 of 18; 5.6%). The crude OR was 7.3 (95% confidence interval (95% CI) 0.96 to 55.6) and the OR adjusted for smoking, BMI, and age was 8.1 (95% CI 0.83 to 78.3). There was a higher non-significant prevalence of decreased WBC counts for male implanters (21.1%) and etching or diffusion workers (14%) than that of office workers (5.6%) (table 5). The comparisons among female workers were only of borderline significance. A higher prevalence of abnormal SGPT was found in female photolithography workers (6 of 34; 17.7%; p=0.08) than in female control workers (1 of 29; 3.5%), the crude OR was 6.0 (95% CI, 0.63 to 141) and the OR adjusted for HBsAg, BMI, and age was 9.6 (95% CI, 0.86 to 107). There was a non-significant potentially higher prevalence of abnormal SGPT in female etching or diffusion workers than in female office workers (table 5) .
The results suggested that work as a a male photolithography worker or an etching or diffusion worker was associated with health problems of low WBCs, however, being a female fabrication worker was potentially linked with problems of liver dysfunction.
DISCUSSION
Workers in clean rooms are usually exposed to multiple agents while performing their tasks, and may have from potential adverse health effects. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Glycol ethers, arsenic, and ionising radiation have been reported to have haematological toxicity. 14 15 Ethylene glycol monomethyl ether and other glycol ethers have been reported to cause cytopenia and hypoplastic bone marrow in lithographers, with relatively low exposure (concentration range from 0.6 ppm to 6.43 ppm).
14 Ionising radiation and arsenic (organic and inorganic) are also documented causes of aplastic anaemia and depression of bone marrow function. 15 Solvents with hepatic toxicity including glycols, tetrachloroethylene, and aromatic hydrocarbons are commonly used in the semiconductor process. 6 In this study, male workers in the photolithography and implantation sections had significantly lower average WBC counts than did workers in the office areas. This difference was still held after adjusting for possible confounding factors. The results suggest that haematological abnormalities are potential problems among male fabrication workers in the semiconductor industry.
Through walk through surveys, we found that careful attention was paid to control of toxic gases and chemicals used in this plant. There were air tight clean rooms where air was continuously filtered and recirculated to remove particles facilitated by central gas detecting systems with an alarm, and clean room garments in this semiconductor factory. A major goal of these semiconductor factories is to prevent catastrophic toxic chemical spills and fires or explosions. Another goal of the clean room design is to protect the semiconductor chip, which is sensitive to low levels of air particulate contaminants. The production process was automatic so that workers have no direct contact with the hazard under normal conditions, and exhaust ventilation was provided at the source of emission to carry away airborne chemicals before the employee can breathe them. Most surveys on chemical contaminant concentrations in wafer manufacturing clean rooms in western countries have shown concentrations well under 1 ppm and usually undetectable for the most widely used chemicals. 16 Previous surveys of four semiconductor plants by Institute of Occupatoinal Safety and Health in Taiwan had similar results. 17 The concentration of acetone ranged from 0.03 to 1.51 ppm, isopropyl alcohol from 0.01 to 0.69 ppm, n-butyl acetate from 0.01 to 0.35 ppm, xylene from 0.01 to 3.2 ppm, and 2-ethoxyethyl acetate from 0.16 to 0.33 ppm. The estimated exposure concentrations of solvents were all below the Taiwanese permissible exposure limit (PEL) of 100 ppm. These findings suggested that the adverse health effects noted might have occurred in fabrication workers with exposures below the PEL, and that the current PEL might not be low enough to protect workers from toxic hazards.
Technology now exists to control exposures associated with routine production operations to well below the PELs. When these control systems work as expected, maintenance workers will generally be the only employees with a notable risk of higher exposures. The tasks of male processors, maintenance workers, and equipment engineers may put them at risk of intermittent short term peak exposure to glycol ethers for photolithography workers or ionising radiation and arsenic for implantation workers. Other toxins which may cause decreased WBC counts may also be present. The job categories included cleaning up chemical spills and leaks, cleaning equipment, mixing the chemical, changing solid sources and pump oil, doing preventive maintenance on a machine, doing an emergency response for a machine, and changing or filling containers for chemicals on machines. Male engineers usually wore cotton masks instead of cartridge or air masks during the operation. Lack of adequate respiratory protection may allow workers to be exposed to haematological toxins. One previous report indicated that engineers might be exposed to high concentration of toxic chemicals during preventive maintenance on dry etching machines. 18 Recently, a survey on Taiwan semiconductor factories showed that peak concentration of hydrogen chloride leakage (in less than 15 minutes) was up to 90 ppm which was far above the short term exposure limit (STEL) of 5 ppm. The same situation occurred during preventive maintenance on an etching machine for hydrogen cyanide with concentrations up to 60 ppm, which was also far above the STEL of 10 ppm. 19 Another recent report on Taiwan semiconductor industries has also shown that most of airborne chemicals were below ppm concentrations during normal operations in the clean room. 20 Routine maintenance of tools might result in higher (above the PEL) concentrations of the total hydrocarbons, hydrogen cyanide, chlorocyanide for some metal etchers, and higher concentration (>1 ppm) of benzene, toluene, xylene, chloroform, and tetrachloromethane were found in PE-CVD and oxide etchers. 20 Female photolithography workers had a higher prevalence, of borderline significance, of abnormal SGPT than did workers in the office areas after adjusting for possible confounding factors. This result suggested that hepatic abnormalities could occur in female fabrication workers in the semiconductor industry. Their jobs included machine operation and loading or removing boats of wafer. Potential multichemical exposures from daily operations and recycled air ventilation in fabrication environments were important issues that awaited further investigation.
Also, liver function tests (SGOT, SGPT, and RGT) were significantly related to HBsAg and BMI after adjusting for smoking, age, alcohol consumption, and job variables. These findings were consistent with other reports in which body mass index and hepatitis were strongly associated with increased liver enzyme activity. [21] [22] [23] Our data have also shown significant association between WBC counts and BMI, which is consistent with previous reports. 24 25 Most studies in the semiconductor industry reported increased risk of spontaneous abortion among workers in fabrication rooms. 8 9 Also, our previous study has suggested that restrictive lung abnormality was a potential health effect in male fabrication workers. 11 Nevertheless, less has been reported about other possible health effects from toxic exposures during the fabrication process. The current study is limited by its cross sectional design, because exposure conditions in such industries are relatively constant due to ventilation controls. The results of subchronic effects show that the tasks of fabrication workers may put them at risk of developing long term haematological and hepatic abnormalities. A causal inference from the findings cannot be made by this cross sectional study due to temporal problems, and longitudinal studies are required to assess causality from our results. The current findings also suggest that further studies are necessary to identify the specific agents which could cause haematological and hepatic damage in fabrication workers. The results of this medical surveillance give ideas for further investigation of possible aetiological factors and the subsequent health effects in high technological industries.
